Abstract: We propose a slot waveguide design for dispersion compensation at the wavelength of 1500 nm. The proposed structure is based on coupled strip slot waveguide. A strong interaction between strip and slot-waveguide modes has been utilized to achieve high dispersion at the desired wavelength. Numerical analysis of the structure has been carried out by the finite difference time domain (FDTD) method. Present design shows a high negative dispersion of À7:3 Â 10 4 ps/km-nm over a full width at half maximum of 22 nm. The resonance wavelength of structure can be fine tuned by varying the strip and slot waveguide thickness. Strip-slot separation has been utilized to tune the magnitude of dispersion. Such a structure should find applications in the design of integrated-optic dispersion compensators for optical telecommunication and ultrafast waveguide lasers.
Introduction
Dispersion-induced pulse broadening and distortion are the basic problems in an optical communication, which limit the transmission capacity of fiber. This kind of accumulated dispersion can be removed by using the dispersion compensators in a communication link. Several designs have been reported in the literature to compensate the dispersion, such as periodic gratings in the planar optical waveguide structure it exhibits, a large dispersion in a narrow bandwidth region [1] , chirped grating structures in broad wavelength range [2] , planar light-wave circuits with asymmetric directional coupler design [3] , and ring resonator all-pass filters [4] . Apart from this, recently, slot waveguide structures have also been proposed. Slot waveguide designs have attracted significant research interests since they were first proposed in 2004 [5] . Slot waveguide is formed by low refractive index nanometer/submicron scaled region, and it is surrounded by two high refractive index slab waveguides. One interesting property of slot waveguide is effective index of its propagation mode is low as compared to the traditional waveguide modes. For basic slot waveguides modal effective index and dispersion characteristics had been studied theoretically and experimentally [6] - [12] . So far, a number of designs have been proposed using slot waveguide structure for different applications, such as on-chip applications including bio-sensor [13] - [15] , polarization converters [16] , [17] , directional couplers [18] , non-linearity [19] - [21] , mode conversion designs [22] , [23] , and dispersion engineering structures [6] , [24] . Slot waveguide structures are generally designed with a very low thickness; however, the slots have fabricated with a small thickness. Sun et al. have fabricated a multiple slot waveguides with a 17 nm thick SiO 2 (slot) layer with controlled fabrication [31] . Zhang et al. have proposed a dispersive strip-slot waveguide design in silica employing the resonance between strip and slot waveguide modes [24] . Strip mode resonantly coupled to the slot mode at resonant wavelength and the structure achieves a high dispersion. Recently, we have also proposed a coupled vertical strip-slot waveguide structure [25] in which strip and slot waveguides are separated by air medium, and the slot region is designed with air medium. The structure achieves a high negative dispersion at 1538 nm wavelength. Apart from this, Lee et al. experimentally calculated dispersion in dual core waveguides. The structure achieves a group velocity dispersion of $ 0:6 Â 10 À25 s 2 =mm with the waveguide separation of 0.8 m [32] .
In this paper, we propose a horizontal coupled strip-slot waveguide with GeAsSe strip and slot waveguide designed with silica material, and the slot is sandwiched between two silicon slabs. Chalcogenide glasses (ChGs) has significant properties that make them very attractive for planar optical waveguide fabrication. The high refractive index, photosensitivity, and high infrared transparency band suggests that compact optical circuits made from sub-wavelength, single mode waveguide designs can be fabricated for telecommunications on common substrates. Comparing ChGs with silicon dioxide, ChGs exhibit good transparency and potentially low loss, for telecommunication windows (1.55 m) and for mid-infrared optical bands up to 10 m. We have numerically calculated the proposed structure by evaluating the effective indices of the modes by using the finite difference time domain method (FDTD) using commercially available software (Lumerical FDTD solutions) [26] . Simulations results predict that by choosing the appropriate waveguide design parameters, we can achieve a negative dispersion of À7:3 Â 10 4 ps/km-nm, which is close to the reported values [24] , [25] , [32] . The waveguide in [25] is designed in vertical shape. The vertical slot waveguide fabrication involves etching in a small region, where the procedure can cause high roughness in vertical interfaces, and it increases loss value for the slot mode. However, horizontal slot structures like present waveguide type can be fabricated by a layered deposition of thermal oxidation. In slot waveguide fabrication, the constraints of fabrication is much less. It has a small scattering loss because of small surface (or interface) roughness for fundamental slot mode. The advantage of the present design, as compared to [25] , is that sidewall roughness is less, and hence, the losses decreases to low; the fabrication constraints are also less. By adjusting the strip waveguide thickness and slot thickness, we can achieve the dispersion at the desired wavelength, and by controlling the strip-slot separation, we can alter the magnitude of dispersion. Such a design would be useful in designing a compact integrated receiver based dispersion compensator to compensate the residual dispersion in a fiber link on a pre-channel basis.
Design and Analysis
We propose a dual-core strip-slot structure; the waveguide design is shown in Fig. 1 . Present structure consists of strip waveguide of Ge 11.5 As 24 Se 64.5 material with a thickness of d , on a silica substrate. Slot waveguide is formed with silica of thickness w , and slabs surrounded the slot. The slabs are designed with silicon of thickness t . The slots surrounded by slabs designed with a width of ðpÞ 400 nm. Strip and slot waveguides are separated by the thin silica medium with a separation of h. Strip is designed with a width of ðsÞ 400 nm and an SiO 2 layer on the top of strip waveguide designed with a width of ðgÞ 50 nm. The surrounding material of the SiO 2 layer on the top of the strip waveguide is considered as air. By the suitable design parameters, the structure shows resonance between strip and slot modes, and the strip-slot structure generates a symmetric and asymmetric modes with a high negative dispersion. The wavelength dependent refractive index of Ge 11.5 As 24 Se 64.5 glass used in the simulation is calculated from the Sellmeier equation [27] - [29] . Here, is wavelength in micrometers.
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The waveguide structure has been analyzed by calculating the effective indices of modes and, thereby, by the dispersion of the structure.
Numerical Results and Discussions
We have numerically analyzed the structure for the following values of waveguide parameters. The strip waveguide with a thickness ðd Þ of 360 nm and slot waveguide of thickness ðw Þ 54 nm is sandwiched between two slabs of thickness ðt Þ that are 160 nm each. The strip and slot waveguides are separated by 520 nm thickness. The widths of strip and slot waveguides are set to be 400 nm, and the strip-slot separation of thin structure is designed with 50 nm width. Proposed strip slot waveguides are vertically coupled to each other. Using these design parameters, we have calculated the effective index n eff of the symmetric and asymmetric modes at various wavelengths.
In the calculation of n eff , material dispersion is considered into process by using Sellmeier's equations for Ge 11.5 As 24 Se 64.5 , silicon, and silica. Dispersion coefficient ðDÞ has been evaluated from the effective index n eff using the following relation:
By the above designed parameters, the waveguide structure shows a resonance between strip and slot waveguide modes at 1500 nm wavelength. Therefore, fundamental mode of strip waveguide resonantly couples to fundamental mode of slot waveguide. Because of resonance, power transfers from the strip waveguide to the slot waveguide. In Fig. 2 , we have plotted the effective indices of symmetric and asymmetric modes as a function of wavelength. Strip waveguide quasi-TM mode effective index decreases with wavelength faster than the slot waveguide mode effective index. From the figure, we note that effective indices of modes show a sharp bending around the wavelength of 1500 nm, and effective indices are close to each other at this wavelength, which means the modes have strong resonance at this wavelength. Effective indices curves bending are less below and above the resonance wavelength. Sharp bending in effective index curves leads to a high dispersion. The corresponding dispersion of symmetric and asymmetric-modes are shown in Fig. 3 . In the dispersion curve we can see a high dispersion value at 1500 nm wavelength, which is due to the resonant coupling between modes. Present waveguide design with symmetric mode shows a high negative dispersion of À7:3 Â 10 4 ps/km-nm and an FWHM bandwidth of 22 nm. In dual core structures, dispersion strongly depends on the coupling coefficient between the two modes. The thickness of strip-slot separation "h" significantly affects the coupling coefficient. To elucidate this, we have calculated the effective index of symmetric mode for three different set of strip-slot separation thickness 470 nm, 520 nm, and 570 nm while all other waveguide design parameters have been kept constant. Corresponding dispersions are calculated from effective index values and results are plotted in the Fig. 4(a) . We can see from the figure that as strip-slot separation increases the magnitude of dispersion curve increases and resonant wavelength slightly shifted to higher wavelength side. Bandwidth of dispersion curve which is defined as full width at half maximum decreases with strip-slot separation. We observed that increasing the strip-slot separation thickness from 470 nm to 570 nm increases the magnitude of dispersion from À5:2 Â 10 4 ps/km-nm to À9:1 Â 10 4 ps/km-nm and bandwidth decreases from 28.8 nm to 16.6 nm. As strip-slot separation increases the effective indices of strip and slot modes decreases, as a result, the design shows a little shift in resonance wavelength. In Fig. 4(b) , we have plotted the dispersion and bandwidth as a function of strip-slot separation ðhÞ. The bandwidth drops from 41 nm to 15 nm, which means as separation thickness increases, we observed a sharp bending in n eff À 0 curve at resonance wavelength, which is a significant part of the future of coupled waveguide structure [30] . From Fig. 4 , it is clear that magnitude of dispersion and bandwidth is significantly affected by the strip-slot separation.
Next, we have analyzed the effect of strip waveguide thickness on dispersion. On changing the strip thickness ðd Þ, effective index of strip mode is affected, and hence, it changes resonance wavelength. To illustrate this, in Fig. 5(a) , we have shown the dispersion curves with wavelength for three different strip values. We observed that, as we increase the strip width dispersion curve moves towards longer wavelength side and symmetric and asymmetric modes become less dispersive. It is seen from the figure that, increasing strip thickness ðd Þ from 355 nm to 365 nm decreases the magnitude of dispersion values from À9:9 Â 10 4 ps/km-nm to À4:2 Â 10 4 ps/km-nm, and bandwidth increases from 16.7 nm to 34.8 nm. One can also notice that resonance wavelength of dispersion curve shifts from 1.46 m to 1.54 m, which is almost a shift of 80 nm and is shown in the plotted curve. Fig. 5(b) shows dispersion and peak wavelength as a function of strip thickness. By an appropriate choice of strip waveguide thickness, we can tune the resonance wavelength of modes around 1500 nm wavelength. From the figure, it is clear that resonance wavelength of dispersion curve is significantly affected by the strip waveguide thickness. Any change in slot waveguide thickness can also affect the effective index of coupled modes, and hence, it changes resonance wavelength. To elucidate this, spectral variation of dispersion for three different values of slot thickness is plotted and is shown in Fig. 6 . As we increase slot thickness, slot mode effective index decreases, and hence, resonant wavelength of the modes is moved to longer wavelength side. Therefore, we noticed a red shift in dispersion curve as increasing slot thickness. Fig. 6(a) shows that by changing slot thickness, magnitude of dispersion changes as does resonant peak wavelength of the dispersion. In Fig. 6(b) , we have plotted the variation of dispersion and resonance peak wavelength as a function of slot thickness. We see that by increasing slot thickness, the magnitude of dispersion curve decreases from À11:01 Â 10 4 ps/km-nm to À4:05 Â 10 4 ps/km-nm, and resonance wavelength shifts from 1.4137 m to 1.5732 m. We have also noted that bandwidth of dispersion curve increases from 13.1 nm to 37.2 nm. Proposed structure with suitable slot thickness w ¼ 54 nm shows the resonance wavelength around 1500 nm wavelength. Fig. 6 helps in choosing the suitable value of slot thickness for achieving the high dispersion value. We have also calculated the effect of widths. Any change in strip waveguide width "s" effects the dispersion of structure. To investigate this we have calculated the dispersion for three different values of strip waveguide width and all other parameters are kept fixed. As we increase strip width from 400 nm to 405 nm, the magnitude of dispersion slightly increased from À7:3 Â 10 4 ps/km-nm to À7:6 Â 10 4 ps/km-nm, the resonant wavelength moves from 1500 nm to 1491 nm, and bandwidth of dispersion curve changes from 22 nm to 21.7 nm. Next, we have calculated the slot width effect. For the slot width variation we have changed slot widths and surrounded slab widths with same dimension variation and the rest of the parameters kept constant. As we change slot width "p" from 400 nm to 395 nm, the magnitude dispersion of the structure changes from À7:3 Â 10 4 ps/km-nm to À6:17 Â 10 4 ps/km-nm, and the resonant wavelength of the modes moves from 1500 nm to 1512 nm. In addition to this, we have also measured the bandwidth variation, and the bandwidth of dispersion curve changes from 22 nm to 27 nm.
Next, we have investigated the effect of strip-slot separation and slot thickness on dispersion. One can achieve same magnitude of dispersion curve at different wavelengths by choosing an appropriate slot thickness and strip-slot separation thickness. To illustrate this, we have plotted the dispersion as a function of wavelength for different sets of slot thickness and strip-slot separation thickness, shown in Fig. 7 . For a thick slot, dispersion profile shifts to longer wavelength side and magnitude of dispersion decreases. However, dispersion profiles kept in same magnitude by controlling the strip-slot separation. As the slot thickness increases from 48 nm to 66 nm and controlling strip-slot separation from 514 nm to 522 nm, it changes the resonant wavelength, but the magnitude of dispersion is almost the same. From the figure, we can see that, in all three cases, dispersion remains around À7:3 Â 10 4 ps/km-nm with almost same bandwidth. Fig. 7 helps us to choose the appropriate slot thickness and strip-slot separation thickness to design the same magnitude of dispersion curves at different wavelengths. The effect of waveguide parameters on dispersion indicates a suitable guide for waveguide structure, and the dispersion is sensitive to fabrication imperfections [31] .
From the above strip-slot waveguide results, it is clear that the present waveguide design gives us flexibility in terms of several design parameters (slot, strip, strip-slot separation thickness) to enhance the performance of strip-slot waveguide on dispersion. The proposed numerical simulations are exploring the potential of slot waveguides for achieving high dispersion. Our numerical result shows a high dispersion of À7:3 Â 10 4 ps/km-nm.
Conclusion
We have presented a horizontal coupled strip-slot waveguide structure for compensating dispersion. Coupling between the appropriate strip and slot waveguide modes generates symmetric and asymmetric modes, which shows a high dispersion. Effective index of symmetric and asymmetric modes has been calculated by using FDTD method, and dispersion has been calculated numerically. We show the dispersion of À7:3 Â 10 4 ps/km-nm by using present strip-slot waveguide at a wavelength of 1500 nm with a bandwidth of 22 nm. Here, strip and slot thickness of the structure have been used to tune the resonant wavelength around 1500 nm. This type of structure should be useful in integrated optic dispersion compensator and linear pulse compressor. A 5-cm-long structure can pre-compensate dispersion in a 1-km length of the next generation transmission fibers like LEAF and True Wave RS.
